Abstract. Senior dialkyl sulfoxides constitute interest in the context of biomedical sciences due to their abilities to penetrate phospholipid bilayers, dissolve drugs, and serve as cryoprotectants.
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Introduction
Sulfoxides represent a small and rather peculiar group of organic compounds, in which sulfur exhibits valence of four. Thanks to a double sulfur-oxygen covalent bond in their structures, sulfoxides belong to rather polar compounds. Dialkyl sulfoxides are liquids at room conditions maintaining quite low shear viscosity values. The omnipresent antiparallel orientation of the sulfur-oxygen bonds is a major structural motif of the condensed dialkyl sulfoxides.
1-9 By possessing both polar oxygen and nonpolar side chains, sulfoxides exhibit complex intermolecular interactions with hydrophilic and lipophilic compounds.
3,10-14
The most widely studied sulfoxide, dimethyl sulfoxide (DMSO), possesses outstanding solvation properties for medical and biological applications, being also often used in organic synthesis as a valuable, and in many senses unique, mild oxidant. 7, 9, 11, 12, 15 Furthermore, DMSO readily penetrates skin (phospholipid bilayers), dissolves drugs to obtain pharmaceutically relevant concentrations of the active substances, and efficiently transports them from outside.
Well-known medicinal applications of DMSO are to decrease pain, speed up healing of wounds, treat muscle and skeletal injuries, recover burns, etc. Toxicity and long-term adverse effects of DMSO intoxication for human beings are extremely modest. More senior sulfoxides are much less extensively studied, 13, [16] [17] [18] [19] however, certain data suggests that they can be better cryoprotectants for biological research procedures. Fundamental interest to designing possible novel surface-active molecular agents (in the case of rather long alkyl chains) applies as well.
Markarian and coworkers have pioneered diethyl sulfoxide research in the 21 st century, outlined a perspective biological context of research. Their numerous experimental results 13, 14, [16] [17] [18] 20, 21 advocate favorable cryoprotective properties of diethyl sulfoxide (DESO), thanks to the higher values of membrane potential and specific growth rate of E. coli. It must be noted that DESO can be synthesized with a great degree of purity, in which it provides cryopreservation of cells and tissues. DESO inhibits formation of large ice crystals making freezing of biological entities more sustainable, with a death rate decreased. 22 Mixtures of DESO with water exhibit strongly negative deviations from an ideal behavior. 13, 16, 18 Thanks to hydrophobic chains, DESO penetrates living cells somewhat better, as compared to DMSO, without causing significant damage to the bilayer. DESO also exhibits a different effect on the micelle formation of sodium dodecyl sulfate increasing the critical micellization concentration and changing water structure.
Sulfoxides tend to decrease surface tension of water in their mixtures and exhibit an elevated density at the sulfoxide/water interfaces. 23 Recently, Gabrielyan measured Fourier-transform infrared spectra for a novel sulfoxide, diisopropyl sulfoxide (DiPSO), in its pure state and binary mixtures with water and tetrachloromethane. 24 Quantum chemical calculations were used to describe an isolated DiPSO molecule and its complex with a water molecule in the ground state. DiPSO is an interesting organic solvent with an unusual structure of a hydrophobic chain.
Russina and coworkers 19 reported a versatile and highly insightful X-ray diffraction and molecular dynamics simulation study of liquid dibutyl sulfoxide (DBSO) at 320 K. DBSO exhibits an enhanced dipole-dipole correlation, as compared to the shorter chain sulfoxides, and tends to self-organize. In the meantime, behavior and described structural patterns of hydrophobic chains in DBSO resembles their role in lipid bilayers. New observations, such as structural differentiation, enhanced dipole-dipole correlation, limited role of hydrogen bonding proved experimentally, 19 specific mostly to medium-length amphiphilic sulfur-based organic molecules have been described suggesting a net value of future research in this direction. At this point, both experimental and theoretical data on senior dialkyl sulfoxides is insufficient to discuss their large-scale practical applications in lieu of or in conjunction with DMSO.
The present work provides a comprehensive investigation of dialkyl sulfoxide/water systems, for the first time discusses physical chemical properties of asymmetric sulfoxide, ethyl methyl sulfoxide (EMSO), in dilute and concentrated water solutions, correlates structure, transport, and standard free energies of hydration. An opposite situation, i.e. dilute water solutions in DESO and EMSO, has also been considered. This computational theoretical work particularly focuses on microscopic understanding of dialkyl sulfoxide -water interactions at the atomistic resolution at supposedly experimentally relevant compositions of their mixtures. The performed cluster analysis attends affinity of DESO and EMSO to self-association, a problem that has never been scrutinized thus far. The force field developed for DESO and EMSO recently was employed for MD simulations. 27 In turn, the water molecules were simulated by means of the SPC/E model, in its compatible (GROMOS96) implementation. 28 Electrostatic interactions were simulated directly (by the Coulomb law) if the distance between any two interacting centers was smaller than 0.9 nm. If at any point of time any interatomic distance exceeded 0.9 nm, the Particle-EwaldMesh technique was employed. 29 The Lennard-Jones (12, 6) short-range intermolecular atomatom attraction was smoothly modified between 0.85 nm and the cut-off distance to vanish completely at 0.90 nm. These methodological parameters were pre-determined by the choice of the well previously tested force field. The list of neighboring atoms was updated every 12 timesteps within the radius of 0.9 nm to warrant reliable total energy conservation. The compositions of the simulated MD systems are given in Table 1 . In view of the MD system sizes, the simulations were conducted in parallel using 8 cores per system in conjunction with cubic (2×2×2) domain decomposition scheme. Energetic and structure properties were computed using their conventional definitions.
Methodology
Self-diffusion coefficients were obtained from the mean-squared displacements ( 
Results and Discussion
Figure 2 summarizes cohesive energies of the dialkyl sulfoxide/water mixtures as a function of DESO/EMSO content. Addition of sulfoxides to water decreases cohesive energy of the mixture more than threefold due to weaker sulfoxide -sulfoxide interaction, as compared to water-water interactions. In the meantime, water -sulfoxide non-covalent attraction remains quite strong, as exemplified in Figure 1 . Indeed, DESO molecules are dispersed throughout the box, even with an account for their strong S=O self-association patterns. In one of the conducted simulations, DESO/EMSO molecules were initially placed separately from water molecules, i.e.
mixing of the two liquids at 300 K was studied. No energy barriers corresponding to mixing were recorded. The total energy of the mixture was decreased to its target (equilibrium) value within a few nanoseconds. No specific sampling procedures were applied at this stage. Note that the difference of cohesive energies in DESO-rich and EMSO-rich aqueous mixtures is modest. It suggests that structure patterns in both compared systems are similar. Radial distribution functions indicate a strong oxygen -sulfur structure correlation (2.7 units), 0.24-0.28 nm, also known as antiparallel dipole-dipole orientation ( Figure 5 ).
Another relatively strong structure correlation is oxygen-methyl pair (intermolecular) at 0.38-0.42 nm. Indeed, an interesting feature of dialkyl sulfoxides is their ability to engender a very weak hydrogen bond between electron-rich oxygen and the terminal methyl group. A strong hydrogen bond between oxygen of DESO/EMSO and water, 0.19-0.21 nm, is responsible for a good miscibility of both liquids over an entire composition range. Figure 5 . Radial distributions functions for selected interaction sites belonging to DESO and water in the 10 mol% DESO mixture with water at 300 K and 1 bar.
The water -sulfoxide hydrogen bond, identified in Figure 5 , deserves a more detailed scrutiny. The position of the primary peak does not shift in response to the sulfoxide content ( Figure 6 ). However, the height of the peak does change, from 3 points in 10% sulfoxide mixture to 7 points in 50% sulfoxide mixture. Interestingly, in EMSO the analogous hydrogen bonding peak is smaller (6.3 points). Figure S1 ). Figure 10 . Probabilities of different cluster sizes of SO groups in the mixtures of DESO (10-50 mol%) with water. Clustering was performed using sulfur and oxygen atoms of DESO. The size of unity means a lone sulfoxide molecule. The distance threshold was taken from radial distribution functions.
Most sulfoxide molecules (up to 80%) exist as hydrated lone molecules (Figure 11 ). Upon increasing molar fraction of water, the percentage of lone sulfoxide molecules decreases slightly, whereas the percentages of dimers and trimers go upwards. The percentage of trimers is systematically larger than that of dimers, however, the difference between dimers and trimers is substantially smaller than the difference between dimers and monomers. The simulated self-diffusion constants were processed statistically using 10 independent pieces of trajectory for each mixture composition to obtain the averages and the error bars (Figures 14-15) . The difference between results derived from independent trajectories is modest.
Therefore, no sampling problems should be anticipated. Interestingly, water molecules slowdown DESO/EMSO molecules significantly, and vice versa, due to a strong electrostatic attraction, as revealed by radial distribution functions discussed above. EMSO is twice as mobile as DESO in pure liquid sulfoxides at 300 K, and the difference between them persists at all mixture compositions. It is rather noteworthy that a single methylene group alters self-diffusion so significantly in the liquid, whose structure is determined by the dipole-dipole interactions.
Water molecules in the mixtures with DESO are slowdown somewhat more significantly, as compared to the EMSO-containing mixtures (Figure 15 ). Shear viscosity is generally in inverse proportion to self-diffusion. This is dictated by the Stokes-Einstein equation. Although this equation was first derived for spherical, one-atom molecules, it is often good for the molecules, whose shape differs for sphere quite significantly.
In case of mixtures, an average diffusion coefficient in the system must be used. Indeed, since self-diffusion in the DESO/water mixtures is somewhat slower than that in the EMSO/water mixtures, the shear viscosities depict an inverse correlation (Figure 16 ). Importantly, the mixtures of both sulfoxides with water are more viscous than pure sulfoxides and by a few times more viscous than pure water at 300 K. The observed increased viscosity is in line with negative deviations from ideality in these mixtures and supports a conclusion that intermolecular interactions in the sulfoxide/water mixtures are stronger than in the pure components at the same physical conditions. The maximum shear viscosity in the EMSO/water mixtures is observed at 30 mol% of EMSO, whereas the maximum shear viscosity in the DESO/water mixtures is found at 40-50 mol% of DESO. The difference in particular values of shear viscosity is modest and almost fits within the error bars computed. Gibbs free energies of solvation for EMSO/DESO in water and, respectively, water in EMSO/DESO were computed in order to estimate affinity of these liquids to one another and confirm the miscibility observed through the analysis of other properties. The calculation was performed by gradually decoupling (removing) of the solute molecule from its solvation environment, the algorithm, known as thermodynamic integration. An approximation of infinite dilution was used, i.e. a single solute molecule in a volume of a relatively large number of solvent molecules was simulated. It was found that Gibbs free energy of DESO solvation in water amounts to -40±1 kJ mol -1 , whilst solvation is insignificantly more favorable in case of EMSO, -41±1 kJ mol -1 . Expectedly, solvation of water in sulfoxides is somewhat less favorable, because sulfoxide do not possess so flexible network around the solute, as water molecules do.
Compare, solvation of water is DESO amounts to -32±1 kJ mol -1 , whilst solvation of water in EMSO is -34±1 kJ mol -1 . EMSO possesses 3 hydrophobic groups, as compared to 4 groups in DESO, hence, miscibility of EMSO with water is more favorable. All reported solvation energies confirm outstanding mutual solvation of senior sulfoxides with water.
Conclusions
Classical molecular dynamics simulations of the DESO/water and EMSO/water liquid mixtures at 300 K and 1 bar using the recently developed force field were conducted. A variety of structure, thermodynamic, and dynamic physical chemical properties were computed and discussed over a wide composition range. Radial distribution function revealed a moderately strong hydrogen bonding between water and both sulfoxides, and confirmed antiparallel alignment of the S=O vectors. Cluster analysis provided a comprehensive description of how sulfoxide molecules are distributed throughout an aqueous phase and suggested existence of trimers and tetramers of the sulfoxides, whilst most their molecules are hydrated as monomers.
Dynamic properties (self-diffusion and shear viscosity) are strongly influenced by one methylene 
